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1. Introduction 
Spectral studies on photochemical reaction centers 
(RCs) purified from purple bacteria have done much 
to elucidate the primary photosynthetic mechanism. 
The fundamental unit of bacteriochlorophyll (Bchl) 
a- or b-containing RC has 4 Bchl, 2 bacteriopheophy- 
tin (BPh), a carotenoid and l-2 quinone (Q) mole- 
cules, an Fe atom and three -30 000 MI polypep- 
tides; RCs isolated from some bacteria also have 
tightly bound c-type cytochromes as occurs in vivo 
[l-3]. The primary event in purple bacteria involves 
the transfer of an electron from the excited primary 
donor, P”960 in Bchl b-containing organisms (e.g., 
Rps. viridis), to Q with a half time of 200 ps [3]. Two 
Bchl molecules form P960 and one BPh molecule acts 
as an intermediary electron carrier (I) between P*960 
and Q [3]. The functions of the other two Bchl and 
one BPh molecules in a RC unit are less certain. 
The role of BPh as electron carrier was deduced 
from the absorbance changes that occurred a few ps 
after exposure of RCs to a very short actinic flash 
[4-81, and from EPR and absorption spectral changes 
that resulted from continuous illumination of RCs at 
low redox potentials in which Q had been either 
reduced or was absent (e.g. [9-141). In the latter 
cases, electrons from P*960 are deposited on I and 
will return to P’960, and the cycle will be repeated, 
unless P’ has been reduced in the interim. Cyto- 
chrome c-553 in Rps. viridis RCs competes with I- as 
electron donor to P’960 [9-l l] and therefore I can 
be trapped in the I- state. This reduction of I lasts 
much longer than in the ps experiments, and there- 
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fore more techniques can be applied to identify the 
component reduced. Thus, the spectral changes that 
occur when Na,SzOq-reduced RCs are illuminated at 
120 K reveal that 1 e- has been transferred from cyt 
c-553 to a BPh molecule via P960 ([9], cf. [ 121); an 
obviouk electrochromic shift of a Bchl’s QX and Q,, 
bands also occurs. If the same experiment is per- 
formed at room temperature, when cyt c-553’ can be 
re-reduced, then >l e- can be trapped on the reduc- 
ing side of the reaction if more than one site is avail- 
able to receive them. Thus, if the electron-transfer 
sequence between P and Q has a carrier(s) which pre- 
cede the BPh molecule, they should be reduced under 
such conditions and therefore be spectrally identifi- 
able. In [lo], both BPh molecules in a RC unit, to 
which NazSz04 had been added, were reduced when 
illuminated at room temperatures. This could be 
interpreted to indicate that both were involved in 
electron transfer between P960 and Q. At that time it 
was concluded that the Bchl in the RC unit did not 
become reduced and therefore was not involved in 
the primary reaction. However, in [ 151 one Bchl was 
seemingly intercalated between P960 and 1 in Rps. 
viridis, and by extrapolation from studies of Bchl 
a-RCs [6-81, they believe it is involved in electron 
transfer from P*960 to I. 
Thus it is uncertain whether 1 BPh, 2 BPh, or 1 or 
2 Bchl plus 1 or 2 BPh are in the electron transport 
sequence between P960 and Q. We investigated the 
problem by exposing NazSzOg-reduced, Nonidet 
NP40-RCs of Rps. viridis to 960 nm light at room 
and liquid Nz temperatures. Our data show that room 
temperature illumination reduces 2 BPh molecules 
and at least 1 molecule of B&l/molecule of P960. We 
are cautious about interpreting this to mean that all 
pigment molecules in the RC that are not compo- 
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nents of P960 are intermediary carriers between P960 
and Q, although this is now a possibility. 
2. Materials and methods 
Photochemical RCs were prepared from Rps. uiri- 
dis as in [ 2,111 except that during DEAE-cellulose 
chromatography, the column was washed with 1% 
(w/v) lauryld’ th 1 ime y amine oxide (LDAO) until the 
eluate was colorless and then with 3 column volumes 
of 0.1% Nonidet NP-40 (Particle Data Lab., Elmhurst 
IL). RCs were then eluted with 150 mM NaCl-0.1% 
NP-40. A 50 mM Tris-HCl (PH 8.0) buffer was used 
throughout. RCs were stored in the dark at 4°C. 
Absorption spectra were recorded on an Aminco 
DW-2 spectrophotometer attached to a Midan micro- 
processor. KC concentration was measured using a 
Ae (reduced-oxidized) = 123 mM_’ . cm-’ at 960 nm 
[16]. RCs were reduced by adding solid Na2S204 to 
give a final concentration of -3 mM. 
3. Results 
When NazSz04 is added to LDAO-prepared RCs 
[lo], LDAO is reduced and a precipitate may form, 
interfering with studies of the RCs optical spectrum. 
We have now replaced LDAO with Nonidet NP-40, a 
non-ionic detergent, in the later stages of RC purifica- 
tion (see section 2). Nonidet-prepared RCs did not 
precipitate when NazSz04 was added. A slight spec- 
tral difference existed between the NP-40 product 
and LDAO-RCs: the proportion of absorbance at 
8 12 nm was greater in the former and this better 
reflects what is seen of the RC’s absorbance in the 
intact membrane (cf. fig.4A in [2]). 
Dithionite-reduced RCs at room temperatures 
were exposed to 960 nm light and the absorbance 
changes at 545 and 685 nm monitored (fig.1). Reduc- 
tion of BPh will decrease the absorbance at 545 nm 
(Q, band of BPh) an increase that at 685 nm while d 
formation of Bchl’ will yield an increase at 685 nm 
but no change at 545 nm [ 171. The kinetics (fig.1) 
were the same at both wavelengths [ 121. The absorp- 
tion changes totally reversed after 15 min in the dark. 
We do not know what accepts the electron(s) from I- 
during the reversal; an oxidation product of SaOg- is 
a possibility. Removal of traces of O2 by bubbling the 
reduced sample with 99.9% Nz and then degassing did 
not slow the recovery rate. 
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Fig.1. Absorbance changes at 545 and 685 nm in Na,S,O,- 
reduced reaction centers of Rps. viridis resulting from expo- 
sure to 960 nm light, A reference wavelength of 510 nm was 
used; P960 was 1.4 MM. 
The room temperature absorption spectrum 
(300-1050 nm) of NazSzOJ-reduced RCs is shown at 
the top of fig.2. After illuminating with 960 nm light 
until the spectral changes were complete, the spec- 
trum was recorded again. A difference spectrum 
(center of fig.2) of the total reversible light-induced 
changes was obtained by subtracting the starting 
spectrum from the photoreduced one. From the loss 
of absorbance at 545 nm (fig.2) we calculated that 
2.0 f 0.2 BPh molecules were reduced/molecule of 
P960, using a differential extinction coefficient of 
13 mM_’ . cm-’ for BPh’-BPh in organic solvents at 
545-5 10 nm [ 171. The 3 lowest traces in fig.2 depict 
the reversal of absorbance changes at different times 
after illumination. There is little qualitative difference 
between the three traces (except in the UV region) 
and therefore no indication that the removal of an 
electron from one spectrally different carrier prior 
to another occurs during reoxidation. 
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Fig.2. (A,B) Upper trace, room temperature absorption spec- 
trum of Na,S,O,-reduced RCs in 50 mM Tris-0.1% NP 40 
(pH 8.0), middle trace, difference spectrum produced by 
>2 min exposure of reduced RCs to 960-nm light (P960 
1.4 nM). Photoinduced changes were recorded with the 
960 nm light on (A); (B) the spectrum was rapidly (10 rim/s)) 
recorded immediately after the light had been switched off. 
The 3 lowest traces: recovery of the light-induced absorption 
changes during different periods after switching off the light. 
The spectral changes at -600 nm and 830 nm 
(fig.2) were thought to result from peak shifts of the 
Q, and Q, bands, respectively, of a Bchl molecule 
absorbing at 835 nm (Bch&), and not from bleach- 
ing of these bands due to Bchl reduction [lO,ll]. 
Low temperature spectroscopy (fig.3) shows this 
notion to be incorrect. The absorption spectrum of 
dithionite-reduced RCs was recorded at 77 K. The 
sample was returned to room temperatures, illumi- 
nated with 960 nm light for 3 min; i.e., until the 
absorbance changes were complete (fig.l), and then 
cooled to liquid Nz temperatures while still illumi- 
nated. The spectrum was again recorded and the 
resulting light-induced absorbance changes (room 
temperature illumination) measured as a difference 
spectrum (fig.3). A second difference spectrum is pre- 
sented in fig.3. This was produced by 50 min illumi- 
nation of an identical sample at liquid Nz tempera- 
tures (low temperature illumination). No further 
absorbance changes occurred after 50 min illumina- 
tion. The difference spectrum produced by low tem- 
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Fig.3. Light-dark difference spectra at 77 K of reduced RCs 
illuminated by 960 nm light at room temperatures (-_) or 
at 77 K (---). The 77 K absorption spectra of the 830 nm 
band after exposure of RCs to light at the two temperatures 
are compared with the spectrum before illumination (---) 
in the inset portion of the figure. All spectra were recorded 
at 77 K in a solution of 55% glycerol-20 mM Tris-HCl 
(pH 8.0). 
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perature illumination (fig.3) displays obvious peak 
shifts in the 600 and 830 nm regions where Bchlsas’s 
Q, and Q,, bands absorb respectively, and a bleaching 
at 545 nm where the Q, band of BPh absorbs. Note 
that the loss of the a-band of cyt c-553 contributes 
to this difference spectrum in the region of BPh’s Q, 
band’s absorbance because the cytochrome cannot be 
re-reduced at 77 K after it has donated its electron 
to P’960. 
These changes fit with the previous proposal ([9], 
cf. [12]) that Bch18a5 in Rps. viridis RCs undergoes 
an electrochromic shift as a result of the reduction of 
1 BPh molecule when reduced RCs are illuminated at 
low temperatures. Comparison of the absorbance 
changes induced by room temperature illumination 
with those caused by low temperature illumination 
(fig.3) makes it clear that at the higher temperature 
Bchlsas’s Q, and Q, bands have lost, rather than 
shifted, their absorbance; i.e., Bchl has been reduced 
in the light at room temperatures. We were unable to 
quantitate accurately the number of Bchl photo- 
reduced/P960 because of an uncertainty where to 
draw a baseline for the 600-nm trough (fig.2) and 
because there is no known differential extinction 
coefficient for Bchl’s Q, band at 77 K (fig.3). How- 
ever, the extent of the absorbance decreases at 600 nm 
in fig.2 and 3 is not inconsistent with at least 1 Bchl- 
being formed/P960 [ 171. Finally, it is clear that the 
absorbance loss at 545 nm is greater after room, than 
after low, temperature illumination. This is consistent 
with 2 BPh molecules being reduced/P960 by light at 
room temperatures while only one is reduced by 
illumination at low temperatures [9]. 
4. Discussion 
Illumination of Rps. viridis RCs in which the pri- 
mary quinone (Q) is reduced traps electrons from 
PC960 on the reducing side of the primary photo- 
chemical reaction when they are prevented from 
returning to P’960 by prior reduction of P+ by cyt 
c-553. We have spectrally identified the components 
reduced by room, and by low, temperature illumination 
in the expectation that we could learn more of the elec- 
tron carriers between P960 and Q. We confirm the 
observations [9,12] that only 1 BPh molecule is 
reduced/ P960 and that a BchlSa5 molecule undergoes a 
large spectral shift when the RCs are illuminated at low 
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temperatures (fig.3). This is presumably the well- 
established BPh molecule that has been termed I 
[3,5,9]. Under such conditions, only 1 e- can be 
transferred to the reducing side of the reaction. When 
>l e- can be transferred, i.e., in the light at room 
temperature, our data indicate that 2 BPh and at least 
1 Bchl molecules are reduced by each P960 molecule. 
Some caution is needed in interpreting these data 
to mean that all these chromophore molecules under- 
going reduction are in the electron-transport sequence 
between P960 and Q. It is possible that electrons 
from P*960 can take an alternative pathway which 
also contains chromophores, if the route to Q via the 
well-established BPh molecule is blocked by red.uc- 
tion of that molecule. That is, reduction of a compo- 
nent under the experimental conditions used does not 
necessarily place it between P960 and Q; absorbance 
changes occurring immediately after a ps flash are 
needed to deduce whether such a component lies 
between P and Q. Furthermore, if all the photo- 
reduced chromophores had been in one pathway 
between P960 and Q, one might have expected to see 
changes in the difference spectra (lower portion of 
fig.2) and variations between the kinetics of the 
absorbance changes at 545 and 685 nm (fig.1) during 
dark reoxidation of the photoreduced RCs. 
Another point requiring caution bears on the 
number of BPh and Bchl molecules reduced/P960. It 
was calculated for absorbance changes at their QX 
bands that 2 BPh molecules plus 1 (maybe 2) Bchl are 
reduced by illumination at room temperatures. These 
4 chromophore molecules account for most (possibly 
all) of the absorbance in the 835 nm band [2]. How- 
ever, the loss of absorbance in this band upon photo- 
reduction (fig.3) is much less than expected if all the 
chromophore molecules have been reduced [ 171. The 
anion radicals of BPh and Bchl do contribute some 
absorbance in the 830 nm region; Bchl- has 2 absor- 
bance bands in the region [ 171. Furthermore, some of 
the residual absorbance could be connected with the 
higher energy transition of the exciton interaction of 
the 2 Bchl’s forming P960 [2,10,18,19]. It is also of 
concern that the changes at 685 and 900 nm are large 
enough to be concomitant with the reduction of 
4 chromophore molecules/P960. These smaller-than- 
expected changes can be rationalized if the differen- 
tial extinction coefficients differ in vivo from those 
in vitro but not proportionally at the wavelengths 
(545,600,685, -830,900 nm) mentioned. 
It can be confidently stated from our results that: 
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1. 
2. 
3. 
Since the light bringing about the reduction of the 
BPh and Bchl molecules is absorbed only by the 
960 nm transition of P960, these chromophore 
molecules are reduced by electrons from P*960 
and not by excitation of the chromophores them- 
selves at low redox potentials [lo]; 
More than 1 chromophore molecule and more 
than 1 type of chromophore (i.e., BPh and Bchl) 
are reduced by a P960 molecule when a dithionite- 
treated RC unit is illuminated at room tempera- 
tures. Whether the Bchl reduced is Bchlsas of 
Bchlsso [2] or both cannot be unequivocally 
deduced. If only 1 Bchl is reduced, then a peak 
shift of the other’s Q, band must occur. 
The absorbance changes caused by illumination of 
reduced RCs at room temperatures are quantita- 
tively and qualitatively different from those pro- 
duced by low temperature illumination. It was 
thought [10,12] that illumination at both temper- 
atures gave the same product, and that the smaller 
absorbance changes in the 780-820 nm region 
after room temperature illumination were due to a 
widening of the chromophore’s bandwidths at the 
higher temperatures. This would give a greater 
overlap, and therefore a lesser net change, of the 
disappearing Q, band of BPh and the appearing 
portion of the electrochromic peak shift of 
Bchlsas’s Q, band. This explanation of the light- 
induced NIR absorbance changes after room tem- 
perature illumination is therefore incorrect. 
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